This article describes tapping mode atomic force microscopy ͑AFM͒ using a heated AFM cantilever. The electrical and thermal responses of the cantilever were investigated while the cantilever oscillated in free space or was in intermittent contact with a surface. The cantilever oscillates at its mechanical resonant frequency, 70.36 kHz, which is much faster than its thermal time constant of 300 s, and so the cantilever operates in thermal steady state. The thermal impedance between the cantilever heater and the sample was measured through the cantilever temperature signal. Topographical imaging was performed on silicon calibration gratings of height 20 and 100 nm. The obtained topography sensitivity is as high as 200 V / nm and the resolution is as good as 0.5 nm/ Hz 1/2 , depending on the cantilever power. The cantilever heating power ranges 0-7 mW, which corresponds to a temperature range of 25-700°C. The imaging was performed entirely using the cantilever thermal signal and no laser or other optics was required. As in conventional AFM, the tapping mode operation demonstrated here can suppress imaging artifacts and enable imaging of soft samples.
I. INTRODUCTION
The atomic force microscope 1 ͑AFM͒ has emerged as perhaps the most widely used tool for sensing nanometerscale surface features. In the most common AFM configuration, the features of a surface can be measured through the cantilever position, which is detected by a laser reflected from the cantilever. However, laser-deflection based AFM is not feasible in every situation, for example when large arrays of cantilevers are to be operated in parallel or when the system does not permit optical access. In these situations, alternative approaches to monitor the cantilever position are required.
One alternative to monitor the cantilever position is to measure heat flow from the probe. The first report of local probes that exploit heat flow to sense topography was performed with a profilometer tip affixed with a thermocouple. 2 The thermocouple temperature signal indicated the amount of heat flow between the tip and the surface, which was modulated by the distance between the tip and the sample. The thermal signal could thus be used as a feedback signal for measuring topography. The same sensing strategy was possible with silicon cantilevers that had solidstate heater-thermometers: 3 in the case of the silicon probe, the temperature sensor was a thermistor rather than a thermocouple. Silicon AFM cantilevers with integrated heaters were originally developed for data storage, [3] [4] [5] [6] but have also been used for nanometer-scale thermophysical measurements [7] [8] [9] and manufacturing. [10] [11] [12] [13] [14] Recent theoretical 15, 16 and experimental 17 studies showed that heated AFM cantilevers can be used for imaging nanometer-scale surface topography with sensitivity that greatly exceeds that of the piezoresistive cantilever. The thermally sensed topography was also suggested by Lee and Gianchandani 18 with a different type of scanning thermal probe. However, these previous studies have been strictly limited to contact-mode operation and no published report has described the use of the heated cantilever in tapping-mode operation. As in conventional tapping-mode AFM, [19] [20] [21] the use of a heated cantilever in tapping mode would allow precise topographic imaging of soft samples while suppressing imaging artifacts.
This article explores the resolution and sensitivity of heated AFM cantilevers used in tapping mode imaging. The cantilever electrical and thermal characteristics are monitored when the cantilever oscillates either in free space or in intermittent contact with a surface. The cantilever electrical signal is compared to the laser-deflection signal. Several important issues are highlighted regarding cantilever design and operation for tapping mode imaging.
II. EXPERIMENT
The experiment used heated microcantilevers made from a silicon-on-insulator wafer.
4,22 Figure 1 shows the scanning electron microscope ͑SEM͒ image of the cantilever used in the experiment. The cantilever is u-shaped, having the heater integrated at the free end. The tip is fabricated at the center of the heater region with the height of around 500 nm and tip radius of 20-50 nm. The cantilever thickness is around 1 m. The heater region is highly resistive region of 8 m ϫ 16 m that is realized with light phosphorus doping of around 10 17 cm −3 . When the electrical current flows through the cantilever, the heater region dissipates more than 90% of the electrical power, resulting in temperature rise over 1000 K. 22 The leg region, whose length and width are, respectively, 150 and 15 m, is heavily phosphorus doped to around 10 20 cm −3 for electrical leads. The anchor that connects the base silicon and the cantilever creates the buffer zone that mitigates any inconsistency of the backside etching process and allows for improved laser access when mounted on a commercial AFM system.
The concept of topography mapping using the cantilever thermal signal has been explained previously 17 and is briefly summarized here. When the heated cantilever is operated near a surface, most of the generated heat flows into the substrate. About half of the heat flows directly across the air gap, while the remainder flows into the cantilever legs, although most of the heat that flows into the legs eventually flows into the air and into the substrate. The heat flow from the cantilever is a strong function of the air gap
where k is the effective thermal conductivity of air bounded by parallel surfaces; is the mean free path of air, which is approximately 70 nm; coefficient C is on the order of 1 and can be estimated from rarefied gas dynamics for free molecule flow; and g is the cantilever-substrate gap. Equation ͑1͒
shows that the heat transfer to the substrate is a function of the air gap. As the heated cantilever scans over a substrate, topographical feature of the substrate changes the vertical displacement of the cantilever relative to the substrate, leading to the change of the cantilever heater temperature and, correspondingly, the cantilever resistance. Thus, monitoring the cantilever voltage whle the heated cantilever scans the surface can provide the topographic image as the laserdeflection measurement does in tapping mode.
The experiment was performed in a commercial AFM platform ͑Asylum MFP-3D͒. Figure 2͑a͒ illustrates the experimental setup of tapping mode topography using a heated microcantilever. While the cantilever scanned over a sample in tapping mode, the AFM controller provided a topographic image of the sample by modulating the oscillation amplitude of the cantilever measured with a position-sensitive photodiode detector ͑PSD͒. [19] [20] [21] At the same time, the cantilever was operated in a Wheatstone bridge circuit, as shown in Fig.  2͑b͒ . When the electrical current flows through the bridge circuit, the cantilever dissipates the electrical power and increases the heater temperature. Since the cantilever resistance is dependent upon the heater temperature, measuring the voltage change between A and B, i.e., ⌬V C = V A − V B , provides the relative change of the cantilever heater temperature. Measuring ⌬V C during the raster scanning can thus provide thermally sensed topography. In the experiment, 5 k⍀ noninductive resistors were used for the Wheatstone bridge.
III. RESULTS AND DISCUSSION
Before operating the cantilever in tapping mode, the cantilever mechanical properties of the cantilever must be understood. Figure 3 shows the thermal noise spectrum of the FIG. 1. SEM image of the cantilever with integrated heater used in the experiment. The cantilever is made of single crystal silicon, with high phosphorus doping in the leg region and low phosphorus doping in heater region.
FIG. 2. ͑a͒
The experimental setup for tapping mode topographical imaging using a heated microcantilever. While oscillating the cantilever, the AFM controller measures the laser deflection using a position-sensitive PSD. The temperature-dependant voltage of the cantilever heater is measured simultaneously. ͑b͒ The use of Wheatstone bridge enhances the sensitivity of the cantilever voltage measurement. The cantilever voltage change can be obtained with
cantilever, which is the Fourier transformed laser-deflection signal of the unheated, free-standing cantilever far from the substrate. The random movement of air particles and their collisions to the cantilever give rise to the random fluctuation of the cantilever. As shown in the inset of Fig. 3 , the fundamental resonance frequency can be obtained from the first peak position at 70.36 kHz. The other peaks at higher frequencies are due to higher oscillation modes or different oscillation patterns caused by the "U" shape of the cantilever. Another important property is the inverse optical lever sensitivity ͑InvOLS͒, which is a parameter that converts laserdeflection signal to the oscillation amplitude. The InvOLS can be obtained from a slope of laser-deflection signal against the change of the z-direction piezoscanner when the cantilever is in contact with the substrate. The InvOLS of the cantilever used in the experiment was 330 nm/V. The driving frequency for tapping mode was chosen as 69.5 kHz, close to the resonance frequency.
Electrical characterization of the cantilever is also necessary for the topography measurement. Figure 4͑a͒ shows the cantilever resistance as a function of the total input voltage when the cantilever is suspended in quiescent air, without interacting with the substrate. The cantilever resistance first increases with increasing input voltage because of the decreasing electrical mobility of doped silicon with temperature. At 10 V input voltage, however, the cantilever resistance begins to decrease because the thermally generated intrinsic carriers outnumber the background doped carriers. This decreasing resistance is a characteristic of the thermal runaway behavior, which is typically observed in doped silicon devices. 23 To see any thermal effect on the cantilever due to its oscillation, the cantilever was characterized when it was in oscillation with the frequency of 69.5 kHz and compared with the characterization result when the cantilever was steady: the two cases are nearly identical. Figure 4͑b͒ provides more details of the cantilever oscillation effect on the cantilever thermal behavior by showing the cantilever voltage spectrum measured with a spectrum analyzer. As shown in the inset of Fig. 4͑b͒ , there exists a peak in the cantilever voltage spectrum at the driving frequency, indicating that the cantilever voltage oscillates due to the mechanical oscillation of the cantilever. The peak value of 140 V-rms at zero input voltage suggests that a part of the peak signal is attributed to the noise pickup from the dithering piezoactuator. As the input voltage increases, the peak value increases in a very similar manner to the direct current ͑dc͒ cantilever voltage in Fig. 3͑a͒ , implying that the cantilever is thermally affected by the cantilever oscillation. However, this thermal effect of the cantilever oscillation can be ignored because the peak value is negligibly small compared to the dc cantilever voltage.
Such a negligible oscillation effect on the cantilever thermal behavior can be explained with two reasons. The first reason is due to the fast cantilever oscillation with small amplitude. During the measurement, the oscillation frequency was 69.5 kHz, and the oscillation amplitude was 1.5 V in laser-deflection signal, or 495 nm from the InvOLS. Even though the cantilever oscillation may agitate the surrounding air and thus change the heat transfer rate to the air, such small and fast oscillation will not have much effect on the cantilever behavior. The second reason is because the cantilever oscillates much faster than its thermal time con -FIG. 3 . The mechanical characteristics of the cantilever when it is suspended in quiescent air, without interacting with the substrate. The noise density spectrum of the cantilever provides the fundamental mechanical resonance frequency of the cantilever.
FIG. 4.
The effect of mechanical oscillation of the cantilever on the cantilever thermal response. ͑a͒ The cantilever resistance curves as a function of the input voltage when it is suspended in steady and in oscillation. The cantilever resistance nonlinearly increases with the increase of the total input voltage. The dc cantilever thermal response is nearly the same for the case of cantilever oscillation held steady. ͑b͒ Due to the cantilever oscillation, the spectrum of the cantilever voltage shows a peak at the dithering frequency at 69.5 kHz. This peak is, however, less than 0.01% of the total cantilever voltage.
stant. Previous research clarified that the thermal time constant of a heated cantilever having the same geometry as the present work is in the order of 300 s, which corresponds to 3.3 kHz in frequency. 24 This frequency is much lower than the oscillation frequency of the cantilever, suggesting that the cantilever does not have enough time to thermally respond to the disturbance resulting from the cantilever oscillation.
Electrical characterization was performed when the cantilever was engaged to the substrate with different set points, V SET . When the cantilever is operated in tapping mode, the set point defines the oscillation amplitude of the cantilever: a larger set point provides larger oscillation amplitude. Figure  5͑a͒ shows the cantilever resistance curves as a function of the power dissipation of the cantilever. When compared to the off-substrate operation, the resistance curve shifts to the large cantilever power as the set point decreases. This shift is because more heat is transferred to the substrate as the cantilever-substrate gap is reduced. Finally, when the set point becomes 0.3 V, the resistance curve does not shift any more as the cantilever tip overcomes the air-damping and touches the substrate: true engagement occurs. Figure 5͑b͒ shows the cantilever voltage change relative to that of the off-substrate characterization in Fig. 5͑a͒ , for various cantilever resistances and oscillation amplitudes. It should be noted that the cantilever oscillation amplitude is obtained from the set point and InvOLS. From the horizontal profile in the top plot, it is clear that the cantilever voltage becomes saturated as the oscillation amplitude decreases below around 150 nm, or 0.4 V in set point. Thus, monitoring the cantilever voltage can provide the true engagement point without relying on the laser metrology. The vertical profile at the right plot shows the cantilever voltage as a function of the cantilever resistance for several fixed oscillation amplitudes. As expected, the cantilever voltage increases with increasing cantilever resistance, but the increasing pattern is not linear.
Once the heated cantilever is fully engaged to the substrate, the topographic image of the sample can be obtained by monitoring the z-direction piezoscanner that moves to maintain a tapping amplitude, and also by monitoring the cantilever voltage, ⌬V C , that varies due to the relative change of the cantilever-substrate gap. It should be noted that even though the cantilever tip taps the substrate in oscillation, the cantilever is in thermally steady state, not sensing the oscillation, due to its large thermal time constant. Thus, regardless of the operation mode, simply measuring ⌬V C during raster scanning enables the topographic imaging. As a proof of concept demonstration, Figs. 6͑a͒ and 6͑b͒, respectively, show the laser-deflection based topographic image and the thermally sensed topographic image of the standard silicon gratings of 100 nm height. While in tapping mode with the set point of 0.3 V, the total input voltage was maintained with 9 V that corresponded to the cantilever resistance of 2.07 k⍀ and the cantilever power of 3.35 mW. Qualitatively, the thermally sensed topographic image is almost the same as the laser-deflection based image except that the thermally sensed topographic image has a little bit bigger noise, which will be discussed in the following paragraph. Quantitatively, the cantilever voltage changes from -4 to 6 mV while the grating height changes from -40 to 60 nm, yielding the sensitivity of 100 V / nm when the sensitivity is defined as
where S is the sensitivity and ⌬z is the vertical displacement of the cantilever tip. The estimated sensitivity of 100 V/nm is at least one order of magnitude better than that of the piezoresistive cantilever. 15, 25, 26 Moreover, when compared to the thermal topographic imaging in contact mode, 17 Fig. 6͑b͒ does not have artificial peaks at the edge of the gratings that were observed in contact mode images. Through the experiment, we believe that these artificial peaks in contact mode are because the other part of the cantilever besides the tip undesirably touches the grating edge due to the contact force and corresponding deformation of the cantilever and can be prevented in tapping mode operation.
Since the thermally sensed topography is based on the cantilever resistance change, the quality of topographic imaging depends on the temperature coefficient of resistance FIG. 5 . The effect of the substrate when approaching the heated cantilever to a silicon substrate. ͑a͒ As the cantilever approaches the substrate, more heat is transferred from the cantilever to the substrate. Thus, the dc characteristic curves shifts to the higher cantilever power by the amount of increased heat flow rate to the substrate. ͑b͒ The contour of the cantilever voltage as a function of the cantilever resistance and cantilever oscillation amplitude. The cantilever is fully engaged to the substrate when the cantilever amplitude decreases below 150 nm. From that point, the cantilever voltage does not change with further decrease of the oscillation amplitude.
͑TCR͒ of the cantilever. Figure 7͑a͒ shows the cantilever resistance and qualitative change of topographical images for different input voltages when the set point is 0.3 V. It should be noted that only representative topographic images are shown in the figure although the experiment was performed at many input voltages. Apparently, the nonlinear TCR yields different images for the same gratings. At low power dissipation up to 2.5 mW ͑i.e., V IN =8V͒, obtained images do not represent the true geometry as the TCR is not big enough for good topography. Good images can be obtained only when the slope is greater than 0.6ϫ 10 6 ⍀ / W, which is shown with the line in Fig. 7͑a͒ . Thus, there exists an optimum cantilever operation range for a good thermal topography: for the heated cantilever used in the present study, the operation range is 4 mWϽ P C Ͻ 6.5 mW or 9.5 V Ͻ V IN Ͻ 11.5 V. If the cantilever is operated above the thermal runaway point, its negative resistance slope gives rise to the inversed topography.
For the evaluation of the thermally topographic imaging methodology, Fig. 7͑b͒ shows the sensitivity and resolution obtained from topographic images of 100 and 20 nm tall gratings. As expressed in Eq. ͑2͒, the sensitivity is defined as the step change in cantilever voltage for 1 nm vertical displacement of the cantilever. The resolution means the smallest step change that could be measured in a given integration time, and thus can be calculated as the noise divided by the sensitivity. 16 In contact mode, the noise is the combination of thermal noise and Johnson noise under the assumption that there is no artifact in the signal. 15 However, the dominant noise in tapping mode comes from the peak at the tapping frequency, as shown in Fig. 4͑b͒ . To estimate the noise, the power spectral density of the peak at the tapping frequency was measured with a spectrum analyzer when the cantilever was engaged to the substrate. At lower input voltages, poor quality of topography is manifested with low sensitivity and bad resolution. As the input voltage increases, however, the sensitivity becomes better and finally saturated with around 200 V / nm when the cantilever is operated above 10 V, which is consistent with the optimum operation range discussed earlier. This sensitivity curve shows a similar trend with the previous numerical study, 16 except the simulated sensitivity has a sharp dip where the cantilever resistance becomes maximal. Comparison with Fig. 7͑a͒ suggests that there should be a dip between 11 and 12 V: it is technically not easy to observe the dip in experiment. The resolution also improves as the input voltage increases, realizing the subnanometer resolution. However, the overall resolution is one order of magnitude worse than the simulation results performed in contact mode, 16 as the peak noise at the tapping frequency is much larger than the thermally induced intrinsic noises.
The obtained experimental results reveal several important issues that should be considered when designing a heated cantilever as a tapping mode thermally-sensed topographic imaging tool. The first issue is the cantilever heater size. As mentioned earlier, the thermally-sensed topography can be realized by the heat transfer to the substrate and its sensitive change with the vertical displacement of the cantilever. Provided that over 90% of the cantilever power is dissipated in the heater, 22 the heater size has a dominant effect on the topographic imaging. If a feature size to be scanned is larger than the heater, the thermally-sensed topography will not be possible because the heater-substrate will not change. The cantilever tip height should be also carefully designed FIG. 6 . ͑a͒ The laser-deflection based topography and ͑b͒ the thermally sensed topography of the 100 nm high Si gratings under the tapping mode. The total input voltage was 9 V. The thermally sensed topography was achieved by monitoring the cantilever voltage signal during scanning. and fabricated. If the tip is too high, the sensitivity would not be good. 16 However, if the cantilever tip height is too small, the cantilever-substrate heat transfer might enter the ballistic regime, in which the heat transfer rate is no more dependent upon the gap width:
27 topographic imaging could not be thermally obtained. The third issue to be considered is the thermal time constant of the cantilever. The successful thermally-sensed topography in the present study is attributed to the fact that the thermal time constant of the cantilever is larger than the inverse of the resonance frequency. Otherwise, the cantilever voltage would oscillate following the mechanical oscillation during scanning, complicating the accurate topography in tapping mode. The last issue is the doping level of the heater region. While the large input voltage enhances the sensitivity, it also drastically increases the heater temperature and may damage the sample that is vulnerable to heat. This undesirable heating can be prevented by lowering the doping level of the heater region, as the lower doping concentration yields higher resistance slope and thus enhances the sensitivity at lower temperature. 16 However, the resolution will become worse due to its high intrinsic noise. It should be noted that all the design parameters discussed here are strongly coupled together. Their crosstalk complicates the optimum design of the heated cantilever for a thermal topographic tool, and we suggest that this is an important future study.
IV. SUMMARY
This work demonstrates thermally-sensed topographical imaging with a heated cantilever in tapping mode. The sensitivity is as high as 200 V / nm and the resolution is as good as 0.5 nm/ Hz 1/2 , which are comparable to or better than other approaches. By characterizing the cantilever engaged to the substrate with different set points, we showed that the true engagement point can be thermally determined without the aid of the optics. Thus, the thermallysensed AFM can be completely realized from the engagement to the topographic imaging. Since the thermally-sensed imaging technique eliminates the need for optical monitoring of the cantilever, the obtained results in the present study will enable the parallel displacement monitoring of cantilever arrays and even the development of portable AFM systems.
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